A measurement of the strange quark forward{backward asymmetry at the Z 0 peak was performed using 718,000 multihadronic Z 0 decays collected by the DELPHI detector at LEP in 1992. The s quark was tagged by the presence of high momentum charged kaons identied by the Ring Imaging Cherenkov detector and by 0 's decaying into p . The s quark purity obtained was estimated for the two hadrons to be 43%. The average s quark asymmetry was found to be 0:131 0:035 (stat:) 0:013 (syst:). The forward{backward asymmetry was measured for unresolved d and s quarks, tagged by the detection of a high energy neutron or neutral kaon in the Hadron Calorimeter. The combined d and s quark purity w as 69% and their asymmetry was found to be 0:112 0:031 (stat:) 0:054 (syst:).
Introduction
The Standard Model of electroweak interactions predicts a forward{backward asymmetry in e + e collisions near the Z 0 peak. The dierential e + e cross{section into a fermion pair f f can be expressed in the Born approximation as : d f d cos = T O T f (s) 3 8 (1 + cos 2 ) + A f F B (s)cos (1) where T O T f is the total cross{section, the production angle of the fermion f with respect to the incident electron direction and s the total energy squared. The forward{backward asymmetry is dened as :
where f F and f B are the fermion cross{sections in the forward and backward hemispheres ( below and above 9 0 ) respectively. As a function of , the forward{backward asymmetry can be expressed by : (5) and Q f and I f 3 denote the charge and weak isospin of the fermions and W is the weak eective mixing angle. The indices e and f refer to the initial electron and nal fermion.
Asymmetry measurements in the quark sector have been reported by LEP experiments at the Z 0 peak for b and c quark pairs [1] , yielding :
A b F B = 0:0915 0:0037 (6) A c F B = 0:0675 0:0091 :
This paper presents the rst measurement of the asymmetry of the s{quark at the Z 0 peak. Comparing this measurement with the b quark asymmetry measurement given in equation (6) checks the universality of the coupling constants. The experimental procedure used here is based on the identication of fast charged kaons and on the reconstruction of fast 0 baryons decaying into a p pair. The forward{backward asymmetries of these hadrons are measured. Simulation is used to calculate A s F B from the measured hadron asymmetries and to evaluate the systematic errors coming from the hadronization model parameters. A complementary method for unresolved s and d quark asymmetry measurement based on neutral hadron (K 0 L ; n ) detection is also presented. Figure 1 presents the hadron momentum distribution predicted by the JETSET 7.3 Parton Shower model [2] (JETSET PS in the following) separately for the ve a v ours. In each case, the s s contribution is larger than that of the other avours, which justies the choice of these hadrons for the s quark asymmetry measurement. 2 
Detector description and event selection
A general description of the DELPHI detector can be found in reference [3] . Features of the apparatus relevant for the analysis of multi-hadronic nal states (with emphasis on the detection of charged particles) are outlined in reference [4] . The analysis presented here relies on the information provided by the following detectors: the micro Vertex Detector (VD), the Inner Detector (ID), the Time Projection Chamber (TPC), the Outer Detector (OD), the Forward drift Chambers (FCA and FCB), the barrel Ring Imaging CHerenkov detector (RICH), and the Hadron Calorimeter (HCAL).
The VD consists of 3 cylindrical layers of silicon, at radii 6.3 cm, 9.0 cm and 11.0 cm. They measure R coordinates transverse to the beam over a length along the beam axis of 24 cm. The polar angle coverage of the VD is from 29 to 151 .
The ID is a cylindrical drift chamber (inner radius 12 cm and outer radius 22 cm) covering polar angles between 29 and 151 .
The TPC, the principal tracking device of DELPHI, is a cylinder of 30 cm inner radius, 122 cm outer radius and has a length of 2.7 m. Each end-cap is divided into 6 sector plates, each with 192 sense wires used for the particle identication. The energy loss per unit length of a charged particle (dE=dx) is measured by the sense wires as the 80% truncated mean of the amplitudes of the wire signals. A dE=dx measurement i s considered to be signicant if at least 30 wires contribute to the energy loss measurement.
The OD consists of 5 layers of drift cells at radii between 192 cm and 208 cm, covering polar angles between 43 and 137 .
The Barrel RICH [5] covers the polar angle between 48 and 132 . It identies the charged particles by measuring the angle of emission of the Cherenkov light, and thus the velocity. The mass of the charged particle is then extracted by using the velocity information combined with the momentum measurement. In order to cover a large momentum range, the DELPHI Barrel RICH uses two dierent Cherenkov radiators, one liquid (C 6 F 14 ) allowing a =K separation from 0.8 GeV/c to 3 GeV/c (not used in this analysis) and one gaseous (C 5 F 12 ) separating kaons from pions from 2.5 GeV/c to 20 GeV/c.
The hadron calorimeter HCAL is a sampling gas detector incorporated in the magnet yoke, the barrel part covering polar angles between 42:6 and 137:4 , and two end-caps between 11:2 and 48:5 and between 131:5 and 168:8 . It consists of 21 iron plates of 5 cm thickness each. Between the iron plates wire chambers operating at limited streamer mode are assembled. They record the ionization electrons produced by the charged particles created in nuclear collisions between hadrons and iron nuclei of the plates. From the collected ionization charge the energy of the incident hadron can be extracted. The HCAL angular granularity i s = 3 : 75 and = 2 : 96 in the barrel and = 2 : 62 in the end-caps. The relative energy resolution is 120%= p E (E given in GeV).
The tracking in the forward (11 < < 33 ) and backward (147 < < 169 ) regions is ensured by t w o pairs of drift chambers (FCA and FCB) in the end{caps.
The average momentum resolution for the charged particles in hadronic nal states is in the range p=p 2 ' 0:001 to 0:01 (GeV/c) 1 , depending on which detectors are included in the track t. For the hadronic event selection, charged particles were accepted if : their momentum was larger than 0.1 GeV/c; the measured track length in the TPC was greater than 25 cm; their polar angle was between 25 and 155 and the relative error on the measured momentum was smaller than 100%. 3 Hadronic events were selected by requiring the total energy of the charged particles in each hemisphere to exceed 3 GeV (assuming all charged particles to be pions), the total energy of the charged particles to exceed 15 GeV and that there be at least 5 charged particles with momenta above 0.2 GeV/c.
A total of 718,000 events satised these cuts. Events due to beam-gas scattering and to interactions have been estimated to be less than 0.1%. Background from + events has been estimated to be less than 0:2%.
In the analysis using charged kaons, only a subsample of 450,000 events was used for which the information from the gas radiator of the Barrel RICH was available.
The biases in the analysis due to the detector and the selection criteria were studied using the full detector simulation program DELSIM [6] . Events were generated using the JETSET PS model with parameters tuned as in reference [7] and with sin 2 W = 0 : 232. The particles were followed through the detailed detector geometry and the simulated data processed by the same analysis program as the real data.
Analysis
The measurement of the s quark asymmetry involved three dierent techniques. 1. The rst analysis requires the presence of high momentum charged kaons to tag decays of the Z 0 into a s s pair. The charge and the direction of the kaon indicates the charge and the direction of the quark. The momentum range of kaons used to study the s quark asymmetry was 10 GeV/c to 18 GeV/c (0:22 < x p < 0 : 39, where x p = 2 p= p s with p s the centre-of-mass energy and p the particle momentum). The choice of the range retains sensitivity to the s quark asymmetry whilst allowing particle identication to be performed with good eciency by the gaseous RICH. In order to provide pure s quark asymmetry measurement, a correction for neutrons is needed. Due to the absence of experimental data about neutron y In the following when 0 is mentioned, it also includes 0 unless explicitly stated. 4 production at LEP energies, this correction was not applied. Table 1 shows the expected neutron and K 0 L asymmetries and their relative abundance as they are produced by the dierent quark avours in the Z 0 decays. The expected hadron asymmetry is 0.018 while the fraction of K 0 L and neutrons coming from primary s and d quarks is 69%.
High momentum charged kaons
The particle identication capability of DELPHI with the Ring Imaging Cherenkov (RICH) detector is used to tag fast charged kaons.
A sample of 450,000 hadronic Z 0 decays has RICH information from the gas radiator for high momentum particles (p > 2 : 5 GeV/c). Figure 2 shows the mean Cherenkov angle c versus the momentum p of charged particles with p higher than 9 GeV/c (the kaon threshold for Cherenkov radiation emission is at 8 GeV/c). Kaon rings are very well separated from saturated Cherenkov rings (e; ; ) up to 18 GeV/c in the whole Barrel Rich acceptance. This upper limit varies with the particle direction () according to the Cherenkov angle resolution (better resolution when cos increases).
The corresponding mass squared (m 2 ) distribution to gure 2 can be calculated using the relation : m 2 = p 2 (n 2 cos 2 c 1) (7) where n is the refractive index of the C 5 F 12 gas radiator (1.001893). Figure 3 shows the calculated m 2 distribution for all particles with momentum between 10 GeV/c and 18 GeV/c. A clear peak is observed around the kaon mass squared corresponding, as described below, to 19730 200 K . Only charged particles with associated hits in the Outer Detector (after the Barrel RICH with respect to the interaction point) were used in order to reject particles lost before the Barrel RICH or badly reconstructed.
To a v oid problems with the evaluation of the purity and contamination in particle identication, the following statistical method has been used to estimate the number of charged kaons. For each particle and for a given momentum the m 2 distribution is Gaussian. The width of this Gaussian distribution depends on the particle momentum p and has a term proportional to (m 2 + p 2 ) due to the chromatic error on the Cherenkov angle [8] . After convolution with the particle momentum distribution (supposed to have an exponential form) and integration over the selected momentum range, the resulting distribution is in rst approximation a Breit{Wigner like distribution. A t to the m 2 distribution with the sum of two Breit{Wigner distributions, one for the saturated Cherenkov rings (e; ; ) and one for kaons, gives the number of charged kaons.
The number of particles under the kaon peak versus the momentum is obtained by considering the mass squared distribution for 8 momentum ranges (with a width of 1 GeV/c) each tted with the sum of two Breit{Wigner distributions. The extracted distribution has been tted by an exponential distribution and is shown on gure 4.
Since the two parts of the Barrel RICH, side A (92 < < 132 ) and side C (48 < < 88 ), were not operated under exactly the same conditions (the main dierence coming from \tripping" chambers), the asymmetry is measured separately for sides A and C in order to avoid the introduction of extra corrections :
Finally, the weighted mean value of the two asymmetries (sides A and C) for each selected range is taken. Eciency evaluation is not necessary because all eciency factors (coming from geometry, detector malfunctioning, particle identication) cancel in the ratios. A systematic error induced by the separation of the two parts A and C comes from the detector material in front of the RICH gas radiator which leads to a higher probability of hadronic interactions for K than for K + . Using the full DELPHI simulation [6] a correction on the numberof K as a function of (varying from 2% to 6%) was determined and applied to the data. When the weighted mean value of the asymmetries of the two sides is taken the eect of this correction cancels to rst order.
The m 2 distribution is considered for 6 separate ranges dened according to the angular coverage of the Barrel RICH mirrors (one point per mirror). The asymmetry obtained as a function of cos is shown on gure 5, where is given by the kaon direction (the systematic error coming from the dierence between the kaon and primary quark directions is discussed in section 4). A t of equation (3) 
High momentum 0
The 0 baryons are detected by their decay i n to p. Secondary vertices of the 0 decay are well separated from the primary vertex of the Z 0 decay due to the long 0 lifetime and Lorentz boost.
Candidate secondary decays, V 0 's, are found by considering all oppositely{charged particle pairs in the event. The 0 decay v ertex candidates were required to satisfy the following criteria: the radial separation of the primary and secondary vertex in the R plane must be greater than 10 times its error; in the R plane, the angle between the vector sum of the charged particle momenta and the line joining the primary to the secondary vertex must be less than (10 + 20=p t (V 0 )) mrad, where p t (V 0 ) is the transverse momentum of the V 0 relative t o the beam axis (in GeV/c);
when the radius at the reconstructed decay point o f t h e V 0 is larger than the radius of the outer VD layer, the two particles must not have a n y associated hit in the VD; the 2 probability of the tted secondary vertex must be larger than 0.001 to reject fake v ertices; when the RICH information is available, the candidate proton (i.e. the most energetic particle) must not be compatible with the pion hypothesis; 6 when the dE=dx information is available, the dierence, normalized to the error, between the measured and the expected values for the candidate proton, must be between -3 and 2 in order to exclude pions; the decay particles must have a transverse momentum larger than 20 MeV/c with respect to the V 0 momentum to reject photon conversions to e + e pairs. The p invariant mass spectrum of the V 0 candidates with momentum fraction x p in the range between 0.25 and 0.5 is shown on gure 6. A clear 0 signal is seen. The average reconstruction eciency for the detection of a decay ! p in this momentum region is estimated from the full DELPHI simulation to be about 7%. The residual K 0 S (decaying into + ) contamination in the data sample is also studied using the simulation. The eective i n v ariant mass distribution for K 0 S 's decays where one pion has been assigned the proton mass is shown shaded in gure 6. Due mainly to the particle identication, the K 0 S contamination is unimportant. The p invariant mass distribution is tted using a Breit{Wigner function for the signal, the background being described by the formula :
where a, b and t are free parameters. 38=30. The systematic error includes contributions due to the signal and parametrization and changing the mass range used in the t. The 0 momentum distribution was extracted by tting the invariant mass distribution of V 0 candidates in several momentum ranges. The resulting experimental 0 distribution is given in gure 7. This distribution has been tted by an exponential distribution. In order to compute the asymmetry of the 0 baryons, the following procedure is used. The p invariant mass plot in gure 6 is divided into bins of 5 MeV/c 2 , and for each bin i the quantity :
is computed, where is the angle of the V 0 line-of-ight relative to the incident electron direction. This way, in the absence of biases, the background of fake 0 's under the peak is directly subtracted. In each bin of the V 0 mass plot the total number S i of 0 + 0 is obtained by subtracting the tted contribution of the background :
The \signal region" is dened to be the 9 intervals 
In order to account for acceptance eects and angular dependence of the reconstruction eciency and taking the 0 ( 0 ) direction as an estimator of the direction of the primary quark, the quantity :
is computed in ve i n tervals of jcos j from 0 to 0.9, where is the 0 polar angle and P i the sum over the mass intervals of the \signal region" dened above. The distribution is shown in gure 8. A t of equation (3) L and neutrons are the only neutral hadrons which can create a hadron shower in the hadron calorimeter. By selecting events with a high energy HCAL shower not associated with any c harged particle it is possible to enrich the sample of s s and d d-events. The production of neutrons from initial u u states is suppressed due to the isospin suppression of dd diquarks. Due to the energy resolution of the hadron calorimeter, a considerable signal from non-leading neutral particles is also selected. Among these particles, K 0 L and neutrons from heavy meson decays are selected, giving a contamination from b b and c c events, while those created in the fragmentation process give a contamination from all quark avours.
Hadronic events with candidate high momentum neutral hadrons are selected by requiring: the deposited energy of the neutral HCAL shower to be larger than 15 GeV; the polar angle of the HCAL shower to be between 32 and 148 in order to have well tted charged tracks in the selected region (at least 40 cm inside the TPC); the polar angle of the thrust axis (calculated using only charged particles) to be between 30 and 150 , in order to ensure that the event axis is well contained in the detector; the angle between the thrust axis and HCAL shower to be less than 20 ; the charged energy E ch in each of the hemispheres dened by the plane perpendicular to the thrust axis to be less than 60 GeV (events with E ch greater than 60 GeV include charged particles with unphysical momenta); the shower to extend to more than one read-out unit (25 cm iron equivalent) of the hadron calorimeter. This selection is applied in order to remove showers where the length of the shower is too small compared to the expected shower length of a high energy particle. 
data. A large fraction (more than 50%) of HCAL showers caused by neutral particles are not found because they are mixed with overlapping showers associated to charged particles. On the other hand, the probability that a charged particle deposing more than 15 GeV in HCAL and satisfying all the previous selection criteria fakes a \neutral" shower is 2.5%. In this way 9% of the selected HCAL showers come from charged particles. For the s and d quark asymmetry evaluation this eect is taken into account using the full DELPHI simulation.
To tag the primary quark charge, the statistical correlation between the quark charge and the charge ow is used. This technique suggested in [10] has been used at lower energies [11] and recently at LEP experiments [12] . The sign of the charge ow Q flow can be used to estimate which hemisphere contains the primary quark. The charge ow is dened as Q flow = Q 1 Q 2 , where : Q 1 = P i q i jp iL j P i jp iL j (13) is the momentum-weighted c harge in the hemisphere dened by the direction of the neutral HCAL shower and Q 2 is the same variable for the opposite hemisphere. The sum runs over all selected charged particles in each hemisphere, q i is the measured particle charge and p iL is the momentum component along the vector joining the primary vertex to the HCAL shower. If Q flow is positive (negative), this statistically implies that the neutral HCAL shower is created by a neutral hadron containing the initial positively (negatively) charged quark. According to the simulation, choosing a value of the exponent = 0 : 4 in equation (13) gives the particle optimal weight in the sum, in order to maximize the correlation between Q flow and the original quark charge. Figure 9 (a) presents the raw dierential cross{section of all selected neutral hadrons as a function of cos . Due to the polar angle dependence of the thickness of the penetrated material in front of the hadron calorimeter (1.40 nuclear interaction lengths in the barrel region) and due to the non{uniform detection eciency of neutral particles, the angular distribution of the neutral hadrons diers from the ideal 1 + cos 2 dependence. For this reason a relative w eight has been given to each cos bin to restore the 1+cos 2 shape. The correction previously determined has been separately applied to the distribution of neutral hadrons coming from positively and negatively tagged charged primary quarks (according to Q flow value). Figure 9 (b) presents the sum of the positively and negatively charged primary quark neutral hadrons as a function of sign(Q flow ) cos , with sign(Q flow ) being the sign of Q flow . In order to cross{check the correction corresponding to the detector material, the function C(1 + cos 2 )e ( d 0 =sin ) has been tted on the raw neutral hadron distribution (omitting the two central bins). The exponential term describes the material eect which is the dominant one compared to the detector eciency, while 1 + cos 2 describes the ideal distribution. The tted curve is also shown on gure 9(a).
The d 0 parameter has been found to be 1:36 0:05 in agreement with the expected value of 1.40 nuclear interaction lengths. C is a normalization constant left also free in the t.
By tting the equation (1) to the cos distribution shown in gure 9(b), the forward{backward asymmetry of the neutral kaons and neutrons is determined to be : The contributions to the systematic error are listed in table 2. The main contribution comes from the choice of the kinematical variable p L . The quoted value has been extracted by replacing p L by the momentum p. The lower energy limit has been varied from 15 to 25 GeV. 4 Calculation of the s quark asymmetry from the measured asymmetries
Two methods, both relying on the JETSET PS model to describe the hadronization process, have been used in the calculation of the s{quark asymmetry from the measured hadron asymmetries. The expected asymmetries for the d and u like a v ours (for sin 2 W = 0 : 232) are 0.100 and 0.071, respectively.
In the rst method a global correction function C h (x p ), calculated from the JETSET simulation program, is applied to the measured asymmetry of each hadron h. This global correction takes into account the dilution of the primary s{quark asymmetry due to some selected hadrons coming from the fragmentation process or from decays of heavier particles generated in the cascade of Z 0 decays into non s s nal states. The correction function C h (x p ) is dened by :
where A h F B (x p ) is the hadron asymmetry for hadrons of momentum fraction x p calculated using JETSET PS model. The default input value of A s F B and the DELPHI tuning [7] on JETSET PS parameters have been used. C h (x p ) has been parametrized as follows :
C h (x p ) = 1 + a h 0 e a h 1 x p (15) where a h 0 and a h 1 are constants specic to each t ype of hadron.
The mean value in the selected momentum range of each hadron has to be cal- A s F B = h A h F B :
(17) Table 3 gives the values of the quantities a h 0 ; a h 1 and b h 1 (b h 1 is the raw measured value) dened above while gure 10 presents the variation of C h as a function of x p for K and 0 . The global correction method has not been applied to the neutral hadron sample due to the poor energy resolution of the hadron calorimeter.
In the second method, the measured asymmetry for each hadron type is assumed to be a statistical average of all quark avour asymmetries weighted by a factor estimated from simulation. This factor depends on the fractions of the selected hadrons produced in each a v our event and on the probability of tagging the primary quark charge correctly.
In this way, the measured asymmetry can be expressed as :
A h F B (meas:
where h f is the fraction of hadrons produced in events of avour f and h f is the probability of tagging the primary quark charge in the same hemisphere correctly. The q{quark asymmetry can be expressed by :
where q = s for the charged kaon and 0 measurements and q = s; d for neutral hadrons. Table 4 gives the values of h f ; h f for the three hadron species used. parametrization of the fragmentation process and uncertainties on the decay branching fractions at the generator level. An error coming from the fact that the hadron direction is used for the asymmetry evaluation instead of the primary quark direction (which is unknown) is already included in the correction factors of the two methods. No dierence is observed between the asymmetry obtained using the hadron direction and the one obtained using the thrust axis of the event. Using the simulation no signicant dierence is expected between the 11 distributions of the angle between the primary quark direction and the thrust axis and the angle between the primary quark direction and the hadron direction.
For the global correction method, the contribution of the parametrization function for the dN=dx p distribution must be added. The systematic contributions to the error on A s F B using this method for the fast charged kaon and the fast 0 samples are listed in table 5 .
The systematic contributions to the error on A s F B calculated with the weighted method are listed in table 6. For charged kaons and 0 's the parameters h f and h f have been convoluted with the experimental dN=dx p distribution and include a systematic uncertainty. For neutral hadrons, the DELSIM simulation program has been used to extract these two parameters.
A detailed study of the uncertainties due to the hadronization model (JETSET PS) parameters has been performed. Results were obtained by generating 20 million events for each parameter value applying the momentum and angular acceptance selections. The list of the parameters tested is presented in table 7 with their reference values. Table 7 gives also the limits between which these parameters have been varied and the corresponding variations of the asymmetry. These variations have been calculated using the weighted method. They are not included in the errors of the weighted method parameters h f and h f quoted in table 4 which include only the errors coming from the limited statistics of simulated events and the dN=dx p parametrization. Also listed in table 7 are the contributions to the systematic error on A s F B obtained from the fast 0 sample due to the uncertainties on the branching ratios of inclusive decays of c and B mesons into 0 . Some other parameters ( c c = had , b b = had , B ! 0 + X branching ratio : : : ) h a v e also been varied but their contribution has been found to be negligible compared to the reported contributions.
The dominant error coming from fragmentation for charged kaons comes from the variation of s = u (suppression of s quark pair production) [13] while for 0 's the dominant error comes from \popcorn" mechanism parameter [14] . For neutral hadrons the main contributions come from the Peterson parameter c [7] and from the cut{o value Q 0 of parton shower evolution.
Finally, the main systematic error for charged kaons comes from the uncertainty on the correction factor for the global method and from the hadronization description in simulation for the weighted method. For 0 's and neutral hadrons the main contribution for both methods comes from the experimental method. The total systematic contributions are summarized in the next section where the nal results and errors for the quantity A s F B are quoted.
Results
Combining the two measurements of A s F B (using K and 0 's) for each method separately, the s quark forward{backward asymmetry is obtained : The two results are consistent within the errors but they have dierent p h ysical signicance. In the global correction method all relations between quark asymmetries and electroweak parameters are xed by the Standard Model predictions. The correction factor h of the global method depends only slightly on the eective leptonic sin 2 eff W 12 (variation of h less than 1% for a 3 variation of sin 2 eff W around the LEP average [1] ) and the asymmetry measured using this method can be used to calculate sin 2 eff W (with large errors compared to the b quark asymmetry measurement). In order to extract from the measured asymmetry the sin 2 eff W using equations (4) and (5), the corrections suggested in [1] 
